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I. INTRODUCTION
The study of the intensity noise characteristics of laser diodes find its importance in many applications, such as optical communication systems. Fluctuations in the photon densities does appear as the intensity noise in output power of the laser device, while variations in the carrier density result in the frequency noise [1] . The relative intensity noise (RIN) can be utilized as a good measure of the laser dynamics [2] , since it correlates well with the output power fluctuation of the laser source.
The vertical-cavity surface-emitting laser (VCSEL) is a suitable light source for use in local area networks [3] , and is being used as the transmitter in optical chaos communications [4] . VCSELs have played an important role in allowing deployment and optimization of high-speed short-range communication links, thanks to their reduced size, higher speed, lower power consumption, and low cost [5] . However, VCSELs have a number of drawbacks based on the large frequency chirp and polarization insensibility, which limit their performance in optical fibre communication systems, as well as causing limitations in transmission distances and data rates [6] . The drawbacks are mainly related to the noise properties of the laser devices as well as on the polarization mode fluctuation [7] .
A numerical investigation reported in [8] indicated that the RIN of VCSEL at low feedback levels is relatively unaffected except for narrowing and enhancement of the relaxation oscillation peak. In [9] , it has been found that the polarization of VCSEL plays a significant role in determining the noise spectra. A strong optical feedback can lead to suppression of the RIN in a laser diode due to the phase effect of the reflected light; especially, if the feedback light emerges from a pure single mode oscillation. The optical feedback can induce complex dynamical properties appearing as additional peaks in the noise spectra of VCSEL [10] .
It has been shown that the RIN induced by the optical feedback is dominant at lower frequencies, but is equally distributed across the spectrum at higher frequencies [7] . The range of RIN for VCSEL, observed at the bias current of 3-9 mA, is between −152 and −133 dB/Hz [11] , which is the same range obtained in this study. Recently, VCSELs have become a dominant optical source combine with a chaotic oscillator for secure communications. In [12] , it is demonstrated that the noise can play an important role in irregular (chaotic) systems. In VCSEL devices modulation signal and optical feedback can both induced further irregular dynamics that could be of interest in chaos communications.
Although the RIN has been studied intensively, there are no reports on RIN for VCSELs with variable polarization optical feedback. Therefore, in this paper we investigate the RIN of VCSEL under different polarization conditions of the external optical feedback, and examine how the polarization of external optical feedback controls the level of RIN of VCSEL modes.
The rest of the paper is as follow. The experimental setup for measuring the RIN of VCSEL is discussed in section II followed by results and discussion in section III. Finally the conclusion is given in section IV.
II. EXPERIMENTAL SET UP
The experimental setup for RIN measurements is depicted in Fig. 1 . An 850 nm single-mode VCSEL (Avalon Photonics) was used in the experiment. To be able to measure the mode intensity a non-polarizing beam splitter (BS) is used to direct the VCSEL output power to the mirror (M) in order to reflect back the light into the VCSEL and to the photo-detectors (D1, D2: New Focus nanosecond photo detector, model No. 1621) via the polarization beam splitter (PBS). The outputs of D1 and D2 are captured via a digital oscilloscope (LC564A, 1 GHz, vertical sensitivity 2 mV/div) for further processing.
The external cavity length was chosen as around 40 cm. A half-wave plate (HWP) and a PBS were employed to adjust the two orthogonally polarized modes (XP -the dominant mode, and YP -the suppressed mode) and enable them to be separately detected using two identical photo-detectors. A quarter-wave plate (QWP) was used to rotate the XP and YP modes and re-inject them into the VCSEL. The QWP was used to rotate the polarization angle θ p from 0° to 90°. The optical feedback strength was adjusted using a neutral density filter (NDF) positioned between M and QWP, see The RIN is defined as [9] :
Where is the output power and ̅̅̅̅̅̅̅̅ is the average output power of the VCSEL.
The RIN is averaged over 1 GHz. Time-dependent samples were recorded to calculate the RIN, using 2 × 10 5 samples for each time trace. The polarization-resolved RIN of the VCSEL subject to a strong optical feedback with a rotated polarization angle of optical feedback for XP and YP modes are shown in Fig. 3 . For a polarization angle θ p of 0° (defined as the XP mode), the XP mode is the dominant and the YP mode is suppressed. The RIN of the XP mode is 15 dB below that of the YP mode at θ p = 0°.
The XP mode gain is usually higher than that of the YP mode. This is because XP is the dominant mode. The RIN of the XP mode continues to be lower than that of the YP mode for θ p in the range of 0° to ~ 45°. In this range the XP mode has more optical feedback than the YP mode [13] . However, for angles greater than 45°, the RIN of the YP mode is lower than that of the XP mode. This is because of the gain switching as a result of the polarization switching between the orthogonal polarization mode for θ p > 45°, and the YP mode becomes the dominant mode, see Fig. 4 . For θ p = 45°, the RIN of the XP and YP modes are identical and are approximately equal to −135.6 dB.
As θ p increases from 75° to 90°, no substantial changes in the RIN of the two modes are observed and remaining constant for higher values of θ p , with the RIN of YP mode 3.7 dB below that of the XP mode. In general, the RIN of the XP mode increases considerably when θ p increases from 0° to 90°, while the RIN of the YP mode increases slightly until θ p = 45°, and then decreases. Fig. 4 demonstrates the polarization mode intensities as a function of the time for an optical feedback of −5.5 dB. It can be observed that for θ p = 0°, the XP mode has a higher intensity than the YP mode, this is because it is the dominant mode and has a higher gain. Furthermore, the two intensity modes are widely spaced compared with other θ p values (45°, 75°, and 90°). The results show that rotating θ p could significantly change the noise and instabilities of the VCSEL modes. 
75°(c), and 90°(d).
For θ p = 45°, the intensity of the YP mode becomes the dominant mode. This is because the XP mode progressively loses light feedback with increasing θ p , while the YP mode obtains more feedback [13] . As θ p increases the XP (YP) mode intensity decrease (increase) as shown in Fig. 4 (c and d) . Furthermore, it can be seen from Fig. 3 that the RIN of the XP becomes higher than that of the YP mode for θ p > 45 o due to the polarization angle effects. In addition, the RIN level of the two modes is relatively constant at these polarization angles.
The frequency spectrum of the of the XP (black) and YP (red) polarization modes (red) of the VCSEL with a feedback strength of −5. respectively. For the XP mode and θ p of 0 o there are no spectral peaks, see Fig. 5(a) . This indicates that the relaxation oscillations of the laser are damped due to the optical feedback strength. For higher values of θ p , where the optical feedback level decreases, we observe a number of spectral lines, particularly for the YP mode, see Fig. 5, (b, c and d) . That are in line with the data reported in [10] . The increase in the relaxation oscillation peak amplitude indicates that the external optical feedback affects the damping 2014 3rd International Workshop in Optical Wireless Communications (IWOW) of the relaxation oscillations. With a strong optical feedback level, the VCSEL output power becomes chaotic, which depends on the feedback level and the length of the external cavity [7] . A detailed study of the chaotic behaviour is outside the scope of this work.
IV. CONCLUSIONS
We have demonstrated that the rotation of polarization optical feedback can considerably affect the RIN properties of the VCSEL. For the XP mode the RIN is a minimum at θ p of 0 o and for the YP mode it is a minimum at 90 o . For the angles greater than 45° the RIN of the YP mode becomes lower than that of the XP mode. The relaxation oscillations are damped at higher feedback levels and at larger polarization angles we observed a number peaks in the spectrum of the VCSEL. The XP and YP modes have similar RIN at the polarizationswitching position of the VCSEL. The noise level at lower frequencies is greater than that of the higher frequencies, where the noise is distributed more consistently across the spectrum. Furthermore, when the VCSEL was subjected to a strong optical feedback, the gain difference changed gradually between the polarization modes, depending on θ p . In addition, the XP and YP modes experienced more feedback at θ p of 0° and 90°, respectively, which led to the one mode being dominant over the other at these polarization angles.
